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Yannis Semertzidis Idea 24 years ago
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ADeuteron has negative anomaly,
ANeedsd and'Obending.

AProton has positive anomaly
ACan have onl{bending.
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Storage Ring EDM Polarimeter Development . b[ 5ANBO

1. Measure a change in the vertical polarization with a sensitivity of 107°,
Provide a continuous record with time.
Reduce systematic errors to below the sensitivity limit.

2. Track the magnitude of the polarization with time.

3. Provide transverse (X) asymmetry data continuously for control.
Operate at high efficiency.

Development proposal made to COSY-Julich in 2007.
Ring design was for 1 GeV/c deuteron beam (250 MeV)

Best scheme requires deuteron scattering from carbon.
Conduct study using as much existing equipment as possible.
(Begin studies of production/preservation of horizontal polarization.)

Deuteron and proton polarimeters are similar.

Edward J. Stephenson, IUCF 5



Experiments with Polarized Beams

AWe have done polarized beam experiments at:
AKVI, Groningen, Netherlands,

ACOSY, Julich, Germany,

AAGS, BNL, USA.
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Symmetries — Q% (0 & &)

ARadial @ vertical ) longitudinal a.

AElectric bending, with strong alternating gradient magnetic focusing.
ACWI/CCW Injection.

AStore CW and CCW at the same time for protons.

AChose protons over deuterons.

ASymmetric lattice.

ALongitudinal (sensitive tedm) and radial (not sensitive t&dm)
polarized bunches.
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Plgure 1: A sketch of thc geomctr"» for this stor agc rmg proposal [lcfl; ﬂgulc] and the cllrcctlonw of the

The proton’s spin must be oriented radially and will thcn precess around its velocity (out of the plane of the
ring).




P. Graham et al. Dark matter, dark energy
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Inspired Dy these
ark matter and dan
co-magnetometer fec
nature of the bean, £

desions, we evaluate the feasibity of sorage rings as & way fo search for wltra-ligh
cenetgy. We wil show that storage rings can have sensitvites comparable to atomic
niques for psendo-scalar nteractions. For vector backgronds, e o the relativistc

, these rngs have enbanced sensitivity to magnetic dipole interactions and can thus disin

ouish etwee eletric and magnetic dipole interactions. dtorage rng techmiques ave thus complementary fo
atomic co-nagmetometer seanches — the combination of both echniques can be used fo extract the underly

g nature of any ey

 lysics iscovered n such experiments. The rst of this paper i organized s follows
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Longitudinal¢dm) and radial (DM/DE) polarized
bunches.
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=DM, Dark Matter/Dark Energy, with the hybrid, symmetric ring lattice

arXiv:2005.11867v1 [hep-ph] 25 May 2020

Tahble 1: The lattice parameters for the storage-ring proton EDM experiment.

Parameter Magnitude  Description

Py LTl GeV/e  Magic momentum

i} (.50 — 1/, the particle speed

Hy 05.5 m Deflector radius

C 500 m Ring circumference

fe (.22 MHz Cyelotron frequency

fr (.51 MHz Horizontal betatron frequency
()r 2.3 Horizontal betatron tune

Iy (.49 MHz Vertical betatron frequency
Qy 2.2 Vertical betatron tune

Ey 4.4 MV/m  Deflector electric field

k 0.2 T/m Quadrupole strength

Lguad 40 cm Ouadrupaole length

Lair 1.6 m Straight section length (inel. quad.)
N 48 Number of cells

Stray Magnetic Field < 0.1mG
Flux gates and trim coils

: ' CW,CCW,

< \A Long, Radial

/ gerecToR  DRIFT [#] DRIFT [DERLECTGR \



Discuss the two most difficult systematic
effects:

AEDMlike systematic effect.
AElectric guadrupole multipole effect.
ADM-like effect.

AVertical velocity effect.



EDM like systematic

AFor a storagering with dipole electric bending field, magnetic
guadrupole focusing, and a stray radial magnetic field:

AStray radial magnetic field gives a distortion of the ideal orbit, in
such a way that the_total radial magnetic field (stray plus focusing)
= 0 on the closed orbit.

ASelf fixing!

AProb_Iem comes if we have an unwanted electric quadrupole
multipole:

AO ‘Qu then the radial magnetic field is not zero on the closed
orbit.
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ANormal dipole. Dipole L
AWhat we want for bending. n>| A =tV
ASkew dipole.

APlates are rotated by . Exak, B, =0 Ex=0,E. =k
ASpin effect canceled by B '

CW/CCW symmetry. \ ] mvpm—_

ASkew guadrupole. Quadrupole " i

ASkew dipole plus misaligned  n=2 S S

by angle .9 7 |. bt
ARonald Reagan: Trust but verif Ex=k Ev= bt




Closed Orbit

CLOSED ORBIT
(PERIODIC, CLOSED)

Fig. 2.1 The ideal orbit and closed orbit close after one turn.
The betatron oscillation is quasiperiodic and always
open.

3.2 Orbit Distortion due to Field Error

In the presence of a field error AB in the dipoles, the actual
closed orbit deviates from the ideal orbit,

gﬁ%—k(s)m = 8B = F(s). (3-2)

Since the field error is in the dipoles, AB depends on s, but not on
z. The Courant-Snyder transformation yields

%’% +vn = VEF(9). (3.3)

The Green function method gives the periodic solution

1(¢) = ﬁm]jﬂfﬁmﬁ'(qﬁ’) cosly(m + ¢ — ¢')|d¢’  (3.4)

as long as v # integer. We see that if v = integer, then the closed
orbit — oo, i.e. even a small field error AB will cause a large
closed orbit distortion. Since small errors AB are always present,
this makes it undesirable to choose a tune close to an integer.
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Electric quadrupole multipole

ACreate a large radial magnetic field with trim coils.
A p 1t larger than stray radial magnetic fields.
ASee how mucif Y 'Q @hanges.

AAdjust trim electric quads to get acceptafflsy 'Q &



Electric Quadrupole

AMuon g2 ring approximation:

A & B [ () C )]

( )
AO N o =

[ ) ()]
AB ( )

ADo each Fourier term,i.d), ™) pOEI pAIiO
A0 ¢c®8High( terms drop off apj U 8



DM-like background
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Four Straight SectiomaMinimum Number
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FIG. 3. The horizontal beta-function values around the ring for
CW and CCW operations.
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Scale of the problem in the 4-fold ring

 Radially polarized beam Original Ring

VAR AR A

o Misalign one quadrupole 10-4
at a time by 1um

« 8 islands of high 5 107
symmetry E
10-8 | "
SPE(Q ‘
10710 e - ’

]
0 10 20 30 40
Misaligned Quad index
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48 cellsg more symmetry

— CW beam —— CCW beam
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Figure 4: Beta functions along the ring. The results
were obtained via numerical tracking.



Symmetric Ring

108
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Misaligned Quad index

Figure 8: Vertical spin precession rate vs. index of the
1 pm misaligned quad along the azimuth. Irregulari-
ties of the points are due to the inability to determine
the exact precession rate from the simulation results.
Hence, the points only show upper limit of the pos-
sible vertical precession rate, actual rates could be
lower. The orange line corresponds to the target EDM
sensitivity

SPEC

adial Polarization
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Vertical Velocity

« Vertical velocity 3, combined with £, :

ZanibekOmarov
Symmetry

(a:g X (E X E’)S) = aS; By E,

Y

» Intuitively (3,) = 0 by definition

e However,

<5y>straight -+ <5y>bending =0

e Hence,

(By X Ez) # 0
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Beam Based Alignment/Spin Based Alignmer

A.. 1 RSOSt2LISR Ay UKS wmddbdna F2NJ

AThey needed the beam to go through the center of hundreds of
guads in LINAC @ d&in order to get the correct final focus.

Aln order to avoid usingpin basedlignment, need®t o & BBA.
Al |y Q 8pin ézseshlignment for DM/DE.

ARHIC achievedp a d" " 1p 8

AThis was plenty good enough for RHIC.

1. BNL CA Dept. Note 83395.



Beam Based Alignment/Spin Based Alignmer

AWe will have:

ASQUID BPM resolutior8t p &[p]8

ABMP at every quad location.

AAC modulation of closed orbit, instead of DC.

ACorrect higher order multipoles in quads with correction windings.

AAfter BBA, use transverse polarization, and adjust with spin based
alignment.

1. S. Haciomeroglu, ICHEP 2018, Proc. Sci. (2018).



Statistics

Ap T polarized protons
per fill from AGS.

AStoring protons in a ring
IS easy.

AExcellent polarimeter
analyzing power.

Apt  Qofp

P Magic Energy: 232 MeV

0.6 T - ﬁi T v r
A,

0.5+ // e

0.4k o

$5-7 O ppgsewt

5. 4-DR0e
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Fig 4 Aagle-averaged effective amalyzing power. Curves show out fits. Points are the data included in the fits. Errors are statistical

on’y

Fig 4. The angle averaged effective analyzing power as a function of the proton kinetic

energy. The magic momentum of 0.7GeV/c corresponds to 232MeV.
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PEDM limited by statistics@itt  'Q co&

nedmlimits (10M26ecm)

1.E+07

1.E+06

1.E+05

1.E+04

1.E+03

1.E+02

1.E+01

1.E+00
1950

1960

1970 1980 1990 2000 2010 2020
Year

Limited by
statistics.



LOI

Jim Alexander,” Vassilis Anastassopoulos,*" Rick Baartman,*" Stefan Baessler,’”” Franco
Bedeschi,'” Martin Berz,'” Michael Blaskiewicz,*" Themis Bowcock,’"” Kevin Brown,*” Dmitry
Budker,>" Sergey Burdin,* Gianluigi Casse,’”” Giovanni Cantatore,*" Timothy Chupp,*’
Hooman Davoudiasl,** Milind V. Diwan,** George Fanourakis,””* Antonios Gardikiotis,”***"
Claudio Gatti,"®" James Gooding,*"" Renee Fatemi,*® Wolfram Fischer,” Peter Graham, >
Frederick Gray,*" Selcuk Haciomeroglu,® Georg H. Hoffstaetter,”” Haixin Huang,** Marco
Incagli,”*" Hoyong Jeong,'®" David Kaplan,"** On Kim,55"
Kawall,”* Valeri Lebedev,” MyeongJae Lee,*" Soohyung Lee,** Alberto Lusiani,>*"* William
J. Marciano,*’ Marios Maroudas,*** Andrei Matlashov,®* Francois Meot,** James P. Miller,”
William M. Morse,** James Mott,*® Zhanibek Omarov,®"** Yuri F. Orlov,” Cenap Ozben,'”
SeongTae Park,®” Giovanni Maria Piacentino,*" Boris Podobedov,* Matthew Poelker,'* Dinko
Pocanic,’” Joe Price,*"" Deepak Raparia,* Surjeet Rajendran,”*" Sergio Rescia,*" B. Lee
Roberts,” Yannis K. Semertzidis,*!** Alexander Silenko,™*" Edward Stephenson,'®” Riad
Suleiman, > Michael Syphers,?"" Pia Thoerngren, ™" Volodya Tishchenko,*" Nikolaos Tsoupas,*
Spyros Tzamarias,'" Alessandro Variola,'™* Graziano Venanzoni,”" Eva Vilella,**" Joost
Vossebeld,*'” Peter Winter,” Eunil Won,'®* Konstantin Zioutas.***

Ivan Koop,” Marin Karuza,*** David

29



Summary

AExcitingsredmphysics.

ACP violation beyond the SM and/or QCD CP violation, i.e., Fgonei
symmetry axion physics.

AEDM has a spin flip, so proportion to mass.
APhysics is complementary to electron, neutron, Hg, etc., searches.

APEDM systematics are OK. E821 and E989 found new beam/spin dynamics
systematics at the level of sensitivity. Need statistics.

ADM/DE [1] systematics are worse thadma @ a 0 SY I G A O&a s 0o dzi
get a factor op mtimprovement, for example, that would be wonderful!

1. PW. Graham, et. abtorage Ring Probes of Dark Matter and Dark Enengsiv:2005.11867 (2020).
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Storage Ring Probes of Dark Matter and Dark Energy
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Abstract

We show that proton storage ring experiments designed to search for proton electric dipole moments
can also be used to look for the nearly de spin precession induced by dark energy and ultra-light dark
matter. These experiments are sensitive to both axion-like and vector fields. Current technology permits
probes of these phenomena up to three orders of magnitude beyond astrophysical limits. The relativistic
boost of the protons in these rings allows this scheme to have sensitivities comparable to atomic co-
magnetometer experiments that can also probe similar phenomena. These complementary approaches
can be used to extract the micro-physics of a signal, allowing us to distinguish between pseudo-scalar,
magnetic and electric dipole moment interactions.
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